ABSTRACT: A rich variety of ferrihydrite/hematite nanocomposites (NCs) with specific size, composition and properties were obtained in transformation reactions of 2-line ferrihydrite. Transmission electron microscopy observations showed that the NCs consist of clusters of strongly aggregated nanoparticles (NPs) similarly to a "plum pudding", where hematite NPs "raisins" are surrounded by ferrihydrite "pudding". The arsenic adsorption performance of the NCs can be modified for As(III) and As(V) removal, which depends on the NCs composition and the size of hematite NPs. It was found that adequate ferrihydrite/hematite NCs adsorb As(III) faster than ferrihydrite. Otherwise, for As(V), the adsorption exhibited by NCs is slower that for pure ferrihydrite. The data of adsorption isotherms fitted better to the Freundlich model for both As(III) and As(V) adsorption. For all the samples, the model revealed that chemical adsorption is the favorable adsorption process. Additionally, for the ferrihydrite/hematite NCs, the capacity of adsorption for As(III) is higher than for As(V). The high affinity of the NCs for the adsorption of As(III) makes them a good alternative for arsenic removal.
INTRODUCTION
Iron oxides are present in the environment as a wide range of minerals, the most common are ferrihydrite, hematite, goethite, maghemite, magnetite and lepidocrocite (Cornell and Schwertmann, 2003) . They show a vast range of characteristics such as stability, specific surface area, and reactivity (Cornell and Schwertmann, 2003) . Metastable iron oxide species may transform to more thermodynamically stable species (Schwertmann and Cornell, 2000) . The numerous transformations among iron oxides reflect the complexity of reactions in these systems. Particularly, due to their importance, transformation pathways from ferrihydrite to other iron oxides are subjects of intense research (Masina et al., 2015; Vu and Moreau, 2015; Wang et al., 2015) . Ferrihydrite transformation reactions are affected by numerous factors such as temperature , concentration (Liu et al., 2008) , pH , presence of anionic species, as well as different kinds of additives (Pedersen et al., 2005) . Commonly, the conversion of ferrihydrite is slow in absence of catalysts. For example, ferrihydrite in aqueous media in a wide range of pH (2 to 12), is transformed to mixtures of hematite and goethite in several days (Schwertmann and Cornell, 2000) . On the other hand, it has been reported that Fe(II) species accelerate the ferrihydrite transformation into lepidocrocite, goethite and/or hematite (Liu et al., 2007) .
If ferrihydrite is partially transformed to hematite, the formation of ferrihydrite/hematite composites is feasible (Vu and Moreau, 2015) . The application of ferrihydrite/hematite composites for arsenic adsorption is an interesting research topic because the adsorption properties of both phases may be improved. Although the arsenic removal properties of ferrihydrite/hematite composites have not been reported in the literature, the modification of the ferrihydrite structure after arsenic adsorption has been studied (Soumya Das, Essilfie-Dughan and Hendry, 2014) . In ferrihydrite with adsorbed arsenate, when ferrihydrite is transformed to hematite, it was found that a fraction of arsenate is incorporated into the hematite, and despite significant loss of surface area, the aqueous arsenate concentration decreased during the transformation (Soumya Das et al., 2014) . This decrease in the aqueous arsenic concentration indicates that the arsenic adsorption properties of ferrihydrite/hematite composites could be superior to that of ferrihydrite.
The study of the arsenic adsorption properties of the ferrihydrite/hematite composites is of great interest because arsenic is one of the most toxic elements found in water. The presence of arsenic in drinking water is due to both natural conditions and anthropogenic activities, and is a world-wide problem. There are many techniques for arsenic removal form water; however, due to its simplicity, potential for regeneration, and cost effective, arsenic adsorption is very attractive (Tang et al., 2011) .
The aim of this work is to study ferrihydrite/hematite nanocomposites (NCs) obtained through the ferrihydrite transformation route. A relation between the morphological and structural characteristics of the NCs with their arsenic adsorption properties is studied. It was found that during the transformation of ferrihydrite, the hematite crystallite size is greater for longer transformation times. The formation of NCs with variable composition makes feasible to modify their arsenic removal properties and to be specific for arsenic (III) and (V) species. Particularly, the high affinity of these NCs for the adsorption of As(III) makes them a good alternative for arsenic removal.
MATERIALS AND METHODS
All chemicals were of analytical grade and used as received without further purification. The 2-line ferrihydrite (2LFh) NPs were prepared following a slightly a modified reported procedure (Schwertmann and Cornell, 2000) . Firstly, under constant stirring, 6 mL of NaOH 6.0 M were added into 100 mL of FeCl 3 0.3 M. In order to reach a pH of 8.0, some drops of NaOH 1.0 M were added to the reaction media. Once obtained the 2LFh NPs, these were washed several times with deionized water and dried at room temperature for 48 h (T0 sample).
For the formation of the ferrihydrite/hematite NCs, the suspension of freshly prepared 2LFh NPs was stirred for 10 min. After that, 0.16 g of FeSO 4 ·7H 2 O (atomic ratio of Fe(II)/Fe(III) = 0.02) were added, this decreased the pH to 6.5, then the reaction media was carefully adjusted to pH 9.0 with NaOH 1.0 M. Subsequently, 5 mL of a pH buffer of NaHCO 3 1 M was added. The reaction was stirred at 95 °C for different times, namely, 30, 60, 90 and 120 min, here the samples were named T30, T60, T90 and T120, respectively. The products of these reactions were washed by the same procedure described above and dried at room temperature for 48 h.
X-ray diffraction (XRD) was conducted to evaluate the structural properties of the synthesized powders. A Philips diffractometer X'Pert with the Cu(K α ) radiation in a 2θ range of 20-80° was used. The semi-quantitative analysis and the average crystallite size were obtained by Rietveld refinement of the XRD patterns using the MAUD program v. 2.33 (Lutterotti et al., 2007) . For the transmission electron microscopy (TEM) analyses, samples were prepared by dispersing the NCs in ethanol and dropped onto 300 mesh holey, lacey carbon grids on copper supports and observed in a FEI Titan microscope operated at 300 kV.
Stock solutions of 1000 mg/L of As(III) and As(V) were prepared by dissolving in deionized water NaAsO 2 and Na 2 HAsO 4 ·7H 2 O, respectively. Batch experiments were carried out at RT, in 100 mL polypropylene flasks with 40 mg of each sample (T0, T30, T60, T90, T120), and 40 mL of As(III) or As(V) solution with different concentrations at pH of 6.5±0.2. After a predetermined contact time under magnetic stirring, the water samples were filtered through membranes (poresize of 0.22 μm). The concentration of residual arsenic in solutions was measured by plasma emission spectrometer (ICP-MS-Thermo elemental IRIS-Intrepid II) at a wavelength of 193.7 nm. The detection limit of the arsenic concentration was 10 μg/L.
The arsenic adsorption kinetics was studied by varying the contact time (5 to 1440 min) of the samples with the As(III) or As(V) solutions with a concentration of 1 mg/L and a constant mass of adsorbent (1000 mg/L). The amount of arsenic adsorbed (q t ) at a given time (t) was calculated as:
( 1) where C o is the initial arsenic concentration and C t is the concentration at a given time, V is the volume of the solution, and W is the weight of the adsorbent.
The adsorption isotherms were determined by varying the concentration of the adsorbate (1 to 500 mg/L), with a constant mass of adsorbent (1000 mg/L), and it was determined that 24 h were enough to reach adsorption equilibrium. The amount of arsenic adsorbed onto adsorbent at equilibrium (q e ) was determined as: (2) where C e is the arsenic concentration at equilibrium.
RESULTS AND DISCUSSION
The products of the 2LFh transformation reaction were evaluated in terms of the reaction time, and some reactions parameters were kept constant such as temperature (95 °C), pH (8) and the Fe(II)/Fe(III) atomic ratio (0.02). Fig. 1(a) shows the XRD patterns of 2LFh (T0 sample) and the products of its transformation at different reaction times (T30 to T120 samples). It can be seen that the 2LFh exhibits two wide peaks centered at ca. 35 and 62 2θ degrees (interplanar distances of 0.24 and 0.15 nm, respectively); similar XRD patterns have been reported for 2LFh (Schwertmann and Cornell, 2000) . For the XRD patterns of samples T30 to T120, only hematite diffractions are present (please compare with the vertical lines in Fig. 1(a) ); although, the background of 2LFh is noticeable, especially for samples with short reaction times (T30 and T60 samples). A significant feature observed in Fig. 1(a) is that the intensity of hematite diffractions increases with transformation time.
A refinement analysis of the XRD patterns explains the evolution of the structure with transformation time. The weight percent of 2LFh and hematite, and the crystallite size of hematite, determined by the refinement of the XRD patterns are shown in Fig. 1(b) and (c), respectively. It is observed that the content of hematite grows upon increasing the transformation time. Additionally, it was found that the crystallite size of 2LFh does not evolves during the reaction, while the size of hematite increases with transformation time form ca. 50 nm for 30 min to ca. 110 nm for 120 min of reaction, respectively, see Fig. 1(c) .
XRD results showed that at the conditions used in this study, 2LFh transforms to hematite without the formation of any additional iron oxide polymorph such as goethite. In contrast, it has been reported that 2LFh transforms to hematite/goethite mixtures at pH between 7 and 10, temperature between 50 and 100 °C, and reactions times as long as 7 days . Furthermore, if Fe(II) species are adsorbed on ferrihydrite, it transforms to hematite in approximately one hour, at pH 5-9, nitrogen atmosphere, and 100 °C; however, ferrihydrite/hematite NCs were not reported (Liu et al., 2007 (Liu et al., , 2008 .
In order to understand the structure and morphology of the samples, TEM measurements were done. Figs. 2 show the results obtained by TEM for ferrihydrite/hematite NCs at different transformation times. In Fig. 2(a) , a typical bright field TEM image of the T30 sample displays a cluster of strongly aggregated NPs. A micrometer cloud with numerous darker particles of up to 45 nm in the interior can be distinguished. These clustered particles remember a "plum pudding", where hematite NPs "raisins" are surrounded by ferrihydrite "pudding". Similarly to T30 sample, the TEM image of T60 displays a cluster of strongly aggregated NPs, with a micrometer cloud with darker particles in the interior, see Fig. 2(b) . However, the "plum pudding" looks darker, it is because the population of greater hematite NPs in the interior is higher. In contrast, for sample T120 (Fig. 2(c) ), the cluster of NPs shows ovoid-like particles of ca. 120 nm attached through the cloudy material. One important thing is that TEM analyses revealed similar results that XRD, the amount of 2LFh decreases, and the size of hematite particles increases with transformation time.
It has been reported that the transformation mechanism of ferrihydrite in presence of Fe(II) is carried out through a dissolution/reprecipitation process at pH from 5 to 8; otherwise, the solid state transformation is favored at pH 9 (Liu et al., 2010) . At the conditions reported here, the initial pH of the reaction was 8.0, after aggregation of Fe(II), the pH decreased to 6.5; here Fe(II) species can be adsorbed on the ferrihydrite surface and promote their dissolution (Liu et al., 2010) . After this, the pH was raised again to 9.0 with NaOH and buffered during the reaction with NaHCO 3 . At these conditions, 2LFh exhibits low solubility, and allows the formation of ferrihydrite aggregates, which in presence of Fe(II) species, the nucleation and growth of hematite crystals is favored.
Adsorption kinetics experiments help to determine two important parameters for the characterization of the arsenic removal properties of the samples; namely, the arsenic adsorption rate and the adsorption equilibrium time. Fig. 3 shows the variation of the amount of arsenic adsorbed after a specific time of contact on different samples. It can be observed that the amount of As(III) and As(V) adsorbed increases rapidly at short times. Additionally, Fig. 3 shows that the adsorption equilibrium time depends on the sample and the arsenic species. Moreover, it is observed that the equilibrium is reached after 750 and 900 min of contact for both As(III) and As(V), respectively. For As(III), after 5 min. of contact, the removal is around 90% for all the samples. In contrast, for As(V), after 5 min, 98% of removal is reached for the T0 sample, and it decreases for the ferrihydrite/hematite composites from 80% to 35% for the T30 and T120 samples, respectively.
In order to know the adsorption mechanism, the kinetic data were fitted to different kinetic models (Azizian, 2004) . However, the pseudo second-order (PSO) equation fitted better the experimental data, the non-linearized PSO equation is written as follows (Ho and McKay, 1998) : where k is the rate constant of PSO, q e is the adsorption capacity at equilibrium, and q t is the amount of arsenic adsorbed at a given time. An important parameter, the initial adsorption rate (h) can be determined as (Tang et al., 2011) :
From q t vs. t graphs, the experimental data were fitted with the PSO equation using the Levenberg-Marquardt (LM) algorithm, see Fig. 3 . Table 1 shows the fitted parameters using a PSO kinetics for As(III) and As(V) sorbed on different samples. The R 2 values close to one indicate that the experimental data follow this kinetic model. For As(III), the highest values of k and h were for T0 NPs, T90 and T120 NCs, it indicates that 2LFh and NCs with high content of hematite adsorb As(III) faster than NCs with low hematite content. Otherwise, for As(V), the highest values of k and h were for T0, followed by T30 and finally by T120, it indicates that while less 2LFh is present, the adsorption of As(V) is slower.
In order to determinate the maximum adsorption capacities of the samples, the adsorption isotherms were measured. The isotherm models by Langmuir and Freundlich were used for data fitting. The Langmuir model assumes the adsorption of a monolayer on a surface (Limousin et al., 2007) , it also refers to a homogeneous adsorption; i.e., all the adsorption sites have the same affinity for the adsorbate. On other hand, the Freundlich adsorption isotherm describes a multilayer adsorption, it assumes a heterogeneous surface with an inhomogeneous adsorption distribution on a surface (Foo and Hameed, 2010) . The Langmuir isotherm is given by (Foo and Hameed, 2010) : (5) where C e is the residual arsenic concentration in solution at equilibrium, q max is the maximum adsorption capacity to form a complete monolayer on the surface of the adsorbent, and b is a constant related to the affinity between the adsorbate/adsorbent. q max and b were obtained by fitting the data of C e vs. q e graphs. An important feature of the Langmuir adsorption isotherm is given by a dimensionless constant separation factor (R L ), which is represented by (Foo and Hameed, 2010 (6) where C o is the initial concentration. The R L parameter indicates the shape of the isotherm, which is related to the nature of adsorption and has been divided in four kinds:
, and (iv) irreversible adsorption (R L = 0) (Foo and Hameed, 2010) . Otherwise, the Freundlich isotherm is given by (Foo and Hameed, 2010):
where K F and n are the Freundlich constants which incorporate all parameters that affect the adsorption process, such as the capacity and the intensity of adsorption, respectively. The 1/n parameter indicates a chemical adsorption for 1/n < 1, and 1/n > 1 is indicative of physical adsorption.
From q e vs. C e graphs, the experimental data were fitted using both the Langmuir and Freundlich isotherms through the LM algorithm, respectively. Fig. 4 shows the experimental data and their fitting to both models, and the isotherm parameters are shown in Table 2 . For all the samples and both arsenic species, based in the correlation coefficients of both models, the ( ) (mg/g) 400 500
As ( experimental data fitted better to the Freundlich than to the Langmuir models. It indicates that a multilayer of adsorpted arsenic species is formed on the heterogeneous surface of the samples. For the adsorption of both arsenic species, the 1/n values were smaller than 1 for all the samples; it indicates a chemical adsorption, which is a favorable adsorption process (Foo and Hameed, 2010) . Following the Freundlich model, for all the ferrihydrite/hematite NCs, the capacity of adsorption for As(III) is higher than for As(V). For 2LFh NPs, the capacity of adsorption for As(V) is higher than those found in all the NCs, and showed a diminishing of K F with higher content of hematite. However, the capacity of adsorption for As(III) is not directly related to the hematite content in the NCs, where the highest value of K F was found in the T30 sample followed by T60, T0, T120 and T90. It shows that the adsorption of As(III) species is related to a balance of both phases in the composite, i.e., a high content of 2LFh and the presence of small crystals of hematite. At the pH used here (6.5), As(III) is neutrally charged as H 3 AsO 3 , while As(V) is negative charged as H 2 AsO 2 Ϫ (Camacho et al., 2012) ; whereas 2LFh and hematite NPs are below of the PZC value, which make the surface of the samples positively charged (Camacho et al., 2012) . Consequently, there will be a more attractive force between the surface of the samples and As(V) anions, until all active adsorption sites will be occupied (Hsia et al., 1992) . However, a rapid saturation of the adsorption sites could be reached because of a repulsive effect can be generated between the adsorbed As(V) species and the As(V) anions in solution (Yu et al., 2011) . Meanwhile, the repulsive interaction between NCs and the neutrally charged As(III) species will be weaker, this causes that the As(III) adsorption on the NCs do not to reach easily the saturation, similar result have been reported elsewhere for hematite and MgO particles (Tang et al., 2011; Yu et al., 2011) .
The As(III) species are the most toxic and exhibits more mobile than As(V) species (Liu et al., 2006; Tang et al., 2011) . This species are mostly found in groundwater with pH between 6.5-8.5 (Smedley and Kinniburgh, 2002) . Under these conditions, the As(III) species has a neutral charge, while As(V) species exhibit a negative charge (Smedley and Kinniburgh, 2002; Camacho et al., 2012) . As(III) species are more difficult to remove from water systems due to their neutral charge (Can et al., 2014) . In this way, the high affinity of the ferrihydrite/hematite NCs for the adsorption of As(III) makes them a good alternative for arsenic removal in natural environments. 
CONCLUSIONS
The formation of ferrihydrite/hematite NCs was found at different steps of the ferrihydrite transformation reaction. The "plum pudding" morphology of the ferrihydrite/hematite NCs was observed by TEM, where hematite NPs "raisins" are surrounded by ferrihydrite "pudding". This morphology arises from the internal dehydration of ferrihydrite within the aggregate, where hematite crystals are formed. In arsenic adsorption tests, for ferrihydrite/hematite NCs with high 2LF content and small hematite NPs, the capacity of As(III) adsorption is higher than for pure 2LFh and NCs with high content of hematite. While for pure 2LFh, the capacity of As(V) adsorption is higher than those exhibited by NCs. The high affinity of the NCs for As(III) adsorption makes them a good alternative for arsenic removal from water.
